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We study a spectral function for D̄∗

0 (0+) meson in symmetric and neutron-rich asymmetric
nuclear matter from the viewpoint of the partial restoration of chiral symmetry. Nuclear matter is
constructed by a parity doublet model with hidden local symmetry which can reproduce properties
at normal nuclear matter density as well as those in the vacuum. D̄ mesons are introduced by
the chiral partner structure. Our results show that a mass of D̄ (0−) meson increases while a
mass of D̄∗

0 meson decreases at mean field level as we increase the baryon density, reflecting the
partial restoration of chiral symmetry. In the spectral function for D̄∗

0 meson, we find a threshold
enhancement is remarkably enhanced which indicates this peak is an appropriate probe to observe
the partial restoration of chiral symmetry in nuclear matter. We also find a resonance of D̄∗

0 meson
revives at higher density due to a narrowing of the phase space. In the spectral function in neutron-
rich asymmetric nuclear matter, we observe the threshold enhancement in negatively-charged D̄∗

0

meson channel stands at higher energy and its height is more enhanced compared to neutral D̄∗

0

meson channel, due to the violation of isospin symmetry. On the other hand, the resonance of
negatively-charged D̄∗

0 meson is slightly suppressed compared to the neutral one.

I. INTRODUCTION

Investigating chiral symmetry at temperature and/or
density is one of the most important subjects in QCD
(Quantum Chromodynamics). Chiral symmetry is spon-
taneously broken in the vacuum driven by a nonzero value
of vacuum expectation value (VEV) of q̄q, and hadrons
acquire their masses. This symmetry is, however, ex-
pected to be partially (incompletely) restored at tem-
perature and density so that we can expect significant
changes of hadron masses and other properties in such
environments accordingly [1].
At temperature, an ab-initio calculation called lattice

QCD works and chiral symmetry and related topics are
energetically studied. At density, on the other hand, it is
not straightforward to make use of the lattice QCD due
to the “sign problem”. Then, understanding of change
of chiral symmetry at density is still poor in comparison
with at temperature [2]. Hence, studying on this subject
is attracting attention both theoretically and experimen-
tally [3].
In this situation, an experiment to investigate chiral

symmetry at density by means of a pionic nucleus spec-
troscopy was performed at GSI [4]. The result yielded
a reduction of the pion decay constant (fπ) at the nor-
mal nuclear matter density (ρ0) as f∗2

π (ρ0)/f
2
π ≈ 0.64

which shows a partial restoration of chiral symmetry at
the normal nuclear matter density. To get corroboration
of this result, it is necessary to consider another method
independently.
In order to explore chiral symmetry at density, we

propose anti-charmed mesons (∼ c̄q) can be appropriate
probes [5–9], since these mesons include two advantages
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as follows. Anti-charmed mesons possess large masses
compared to a typical energy scale of QCD (ΛQCD) so
that a global symmetry called the SU(2)S heavy quark
spin symmetry emerges [10]. Thanks to this symme-
try, it is possible to treat anti-charmed mesons carry-
ing different spins equally. The other advantage is that
anti-charmed mesons contain only one light quark and
they are belonging to a fundamental representation of
SU(2)L × SU(2)R chiral group. This simple representa-
tion allows us to construct a concise Lagrangian interact-
ing with light mesons. Note that we especially focus on
anti-charmed mesons to avoid difficulties of annihilation
processes in nuclear matter.
So far, studies on (anti-)charmed mesons at tempera-

ture and/or density have been done by several methods:
chiral effective model [14–18], QCD sum rule [19–23] ,
coupled channel approach [24–28], quark meson coupling
model [29], and so on. Studies on isospin asymmetric
medium have also be done [30–33]. A novel phenomenon
associated with heavy-flavored quarks and hadrons called
QCD Kondo effect was also advocated [34] (In terms of
studies on heavy-flavor physics in medium, see Ref. [35]
for a review and references therein).
In the present analysis, we particularly employ an idea

of chiral partner structure for anti-charmed mesons [36,
37]. In the context of chiral partner structure, a mass
difference between positive-parity meson and negative-
parity meson is generated by the spontaneous breakdown
of chiral symmetry. Hence, the mass difference between
them gets narrowed in which the chiral symmetry is par-
tially restored. In this paper, we regard D̄∗

0 (2318) (0+)
and D̄ (1869) (0−) as the partner to each other while D̄1

(2427) (1+) and D̄∗ (2010) (1−) as the partner.
The main decay mode of D̄∗

0 meson is D̄∗
0 → D̄π such

that we expect significant changes of a spectrum of D̄∗
0

meson in nuclear matter since the masses of D̄∗
0 and

D̄ mesons are related by the chiral partner structure.
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Therefore, we particularly explore a spectral function for
D̄∗

0 meson in nuclear matter paying attention to the par-
tial restoration of chiral symmetry, in addition to the
masses of D̄∗

0 meson and D̄ meson.
In Ref. [9], we studied a spectral function for D̄∗

0 me-
son in isospin symmetric nuclear matter constructed by
a linear sigma model. Although our results showed a
clear signal of partial restoration of chiral symmetry in
the spectral function for D̄∗

0 meson, the linear sigma
model is so simple that our analysis was restricted at
lower density region (ρB . 0.1 fm−3). In the present
study, by utilizing a parity doublet model for describing
nuclear matter properly, we are allowed to explore the
anti-charmed mesons around and higher than the normal
nuclear matter density respecting chiral symmetry in our
calculations. Furthermore, we are able to study the spec-
tral function for D̄∗

0 meson in isospin asymmetric nuclear
matter with respect to chiral symmetry. These studies
provide useful information of partial restoration of chiral
symmetry for the future experiment such as the PANDA
experiment at FAIR. Moreover, They are expected to be
necessary to understand the collective behaviors in low
energy heavy ion collisions planed in the CBM experi-
ment at FAIR, or the J-PARC-HI program at J-PARC,
and so on.
As stated above, nuclear matter is constructed by

a parity doublet model. Within this model, positive-
parity nucleon (N(939)) and negative-parity nucleon
(N∗(1535)) is related by chiral dynamics and the masses
of them get degenerated when chiral symmetry is re-
stored as the chiral partner structure [38–42]. In the
present study, in particular, we follow the procedure done
in Refs. [43, 44]. In these references, properties of nuclear
matter such as the saturation density, the binding energy
of a nucleon, the incompressibility and the symmetry en-
ergy as well as the vacuum properties are successfully
reproduced by extending the parity doublet model. In
order to describe isospin asymmetric nuclear matter, ρ
meson are included by employing the technique of hid-
den local symmetry (HLS) [45].
This paper is organized as follows: In Sec. II, we in-

troduce the parity doublet model and construct isospin
symmetric and asymmetric nuclear matter. In Sec. III,
a Lagrangian for anti-charmed mesons in a relativistic
form based on the heavy quark spin symmetry and the
chiral partner structure is derived. ρ meson and ω me-
son are also incorporated into the Lagrangian by HLS.
In Sec. IV, calculations and results are shown. In Sec. V,
we provide conclusions and discussions.

II. PARITY DOUBLET MODEL

In this section, we provide a Lagrangian for the nu-
cleon (N(939)) and N∗(1535) by the parity doublet
model [38, 41] and the hidden local symmetry (HLS) [45],
and construct (asymmetric) nuclear matter. Here, we
follow the procedure done in Refs. [43, 44] to determine

model parameters.

A. Construction of Lagrangian

In this subsection, we derive a Lagrangian for the
nucleon and N∗(1535) interacting with light-flavored
mesons. Baryons are not elementally particles such that
it is possible to introduce two types of nucleon fields ψ1

(naive-type) and ψ2 (mirror-type) which transform under
the SU(2)L × SU(2)R chiral transformation as

ψ1,l → gLψ1,l , ψ1,r → gRψ1,r

ψ2,l → gRψ1,l , ψ2,r → gLψ2,r . (1)

ψ1,l, ψ1,r, ψ2,l and ψ2,r are defined by

ψ1(2),l =
1− γ5

2
ψ1(2) ,

ψ1(2),r =
1+ γ5

2
ψ1(2) , (2)

and gL (gR) is an element of SU(2)L (SU(2)R) chiral
group. By utilizing the transformation laws in Eq. (1),
the Lagrangian for ψ1 and ψ2 interacting with σ meson
and pion respecting (gauged-)[SU(2)L × SU(2)R]global
chiral symmetry, parity and charge conjugation can be
obtained as

LN = ψ̄1ri /Dψ1r + ψ̄1li /Dψ1l

+ ψ̄2ri /Dψ2r + ψ̄2li /Dψ2l

− m0

[

ψ̄1lψ2r − ψ̄1rψ2l − ψ̄2lψ1r + ψ̄2rψ1l

]

− g1
[

ψ̄1rM
†ψ1l + ψ̄1lMψ1r

]

− g2
[

ψ̄2rMψ2l + ψ̄2lM
†ψ2r

]

. (3)

In Eq. (3), m0, g1 and g2 are parameters and the co-
variant derivatives Dµψ1,l, Dµψ1,r, Dµψ2,l and Dµψ2,r

are

Dµψ1,l(2,r) = (∂µ − iLµ)ψ1,l(2,r) ,

Dµψ1,r(2,l) = (∂µ − iRµ)ψ1,r(2,l) , (4)

where Lµ and Rµ are external fields and the transforma-
tion laws are given by

Lµ → gLLµg
†
L − i∂µgLg

†
L ,

Rµ → gRRµg
†
R − i∂µgRg

†
R . (5)

M is the chiral field including σ meson and pion which
transforms as

M → gLMg†R . (6)

By utilizing the polar-decomposition form, we find

M = ξ†LσξR = σξ†LξR = σU . (7)

ξL and ξR are the nonlinear realization of pion fields, and
in the context of HLS, these fields transform under the
[SU(2)L×SU(2)R]global× [U(2)V ]local transformation as

ξL → hωhρξLg
†
L , ξR → hωhρξRg

†
R , (8)
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where hρ and hω are elements of [SU(2)V ]local and
[U(1)V ]local, respectively. Note that in the unitary gauge

in terms of HLS, ξL and ξR are reduced to ξ†L = ξR =

eiπ
aτa/2σ̄ and U = eiπ

aτa/σ̄, where τa is the Pauli matrix
(a = 1, 2, 3) and σ̄ is a vacuum expectation value (VEV)
of σ meson which is identical to the pion decay constant
fπ in the vacuum.
Next, we shall construct a mesonic part of the La-

grangian. It is convenient to introduce the following 1-
forms α̂⊥µ and α̂‖µ:

α̂⊥µ =
1

2i
(DµξRξ

†
R −DµξLξ

†
L) ,

α̂‖µ =
1

2i
(DµξRξ

†
R +DµξLξ

†
L) , (9)

with

DµξL = ∂µξL − iVµξL + iξLLµ ,

DµξR = ∂µξR − iVµξR + iξRRµ ,

(10)

where we have introduced vector mesons field Vµ as

Vµ =
gρ
2
ρµ +

gω
2
ωµ (11)

(ρµ = ρaµτ
a). In the context of HLS, ρ meson and

ω meson are regarded as the gauge fields in terms of
[SU(2)V ]local and [U(1)V ]local symmetry, respectively.
Then the transformation laws for the vector mesons field
Vµ is

Vµ → hρVµh
†
ρ − i∂µ(hρhω)h

†
ρh

†
ω . (12)

Hence, by using Eqs. (9) - (12), the mesonic part of the
Lagrangian can be found as

LM =
1

2
∂µσ∂

µσ + σ2Tr[α̂⊥µα̂
µ
⊥]

+
m2

ρ

g2ρ
Tr[α̂‖µα̂

µ
‖ ] +

(

m2
ω

2g2ω
−
m2

ρ

2g2ρ

)

Tr[α̂‖µ]Tr[α̂
µ
‖ ]

− 1

2g2ρ
Tr[VµνV

µν ]−
(

1

4g2ω
− 1

4g2ρ

)

Tr[Vµν ]Tr[V
µν ]

+
µ̄2

2
σ2 − λ

4
σ4 +

λ6
6
σ6 +

m̄ǫ

4
σTr[U + U †] ,

(13)

where we have defined the field strengths for vector
mesons by

Vµν = ∂µVν − ∂νVµ − i[Vµ, Vν ] , (14)

and “Tr” stands for the trace for isospin index. In
Eq. (13), gρ, gω, µ̄, λ, λ6, m̄ǫ are parameters which will
be determined in Sec. II B. Note that six-point interac-
tion of σ meson is included in this expression. We should
also note the last term in Eq. (13) violating the chiral
symmetry is added so as to reproduce the pion mass.

Furthermore, the interaction manners for ψ1, ψ2 and ρ,
ω mesons respecting (gauged-)[SU(2)L×SU(2)R]global×
[U(2)V ]local symmetry are derived as

LNV = aρ[ψ̄1l(ξ
†
L /̂α‖ξL)ψ1l + ψ̄1r(ξ

†
R /̂α‖ξR)ψ1r]

+ψ̄2l(ξ
†
R /̂α‖ξR)ψ2l + ψ̄2r(ξ

†
L /̂α‖ξL)ψ2r]

+
aω
2
Tr[α̂‖µ](ψ̄1,lγ

µψ1,l + ψ̄1,rγ
µψ1,r

+ψ̄2,lγ
µψ2,l + ψ̄2,rγ

µψ2,r) . (15)

Under the spontaneous breakdown of chiral symmetry, σ
meson field acquires its VEV σ̄. Hence, by changing the
variable as σ → σ̄ + σ in Eqs. (3), (13) and (15), we can
obtain the Lagrangians in the chiral broken phase.
The fermion fields ψ1 and ψ2 are not physical states

since the mass matrix is not diagonalized. The mass
eigenstates N+ and N− are given by mixing states of ψ1

and ψ2:
(

N+

N−

)

=

(

cos θ γ5sin θ
−γ5sin θ cos θ

)(

ψ1

ψ2

)

, (16)

and corresponding mass eigenvalues are

mN+
=

1

2

(

√

(g1 + g2)2σ̄2 + 4m2
0 − (g2 − g1)σ̄

)

,

mN−
=

1

2

(

√

(g1 + g2)2σ̄2 + 4m2
0 + (g2 − g1)σ̄

)

.

(17)

In Eq. (16), we have introduced a mixing angle θ which
satisfies

tan 2θ =
2m0

(g1 + g2)σ̄
. (18)

We note that N+ carries positive parity while N− car-
ries negative parity, so that we assign N+ to the nucleon
(N(939)) while N− to N∗(1535) in our analysis.

B. Construction of nuclear matter

In this subsection, we construct (asymmetric) nuclear
matter from the Lagrangians in Eqs. (3), (13) and (15).
At a mean field approximation, by replacing ωµ → ω̄δµ0,
ρaµ → ρ̄δµ0δ

a3 and Lµ = Rµ → (µB+µIτ
3)δ0µ, and defin-

ing ρ̄ and ω̄ properly, we can find the thermodynamic
potential per volume (Ω/V ) by performing the one-loop
path integral in terms of N+ and N− as

Ω/V

= − 1

8π2

∑

i=p,n

θ(µ∗
i −m+)

{

2

3
E+

F,ik
+3
F,i − E+

F,ik
+
F,im

2
+ +m4

+ln

(

k+F,i + E+
F,i

m+

)}

− (negative parity)
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◦
m+(MeV)

◦
m−(MeV)

◦
mω(MeV)

◦
mρ(MeV)

◦
mπ(MeV) fπ(MeV) ρ0(fm

−3) E/A−
◦
m+(MeV) K (MeV) S (MeV)

939 1535 783 776 140 93 0.16 -16 240 31

TABLE I. Input parameters in our analysis. We take the saturation density, the binding energy of a nucleon, the incompress-
ibility and the symmetry energy as inputs in addition to the nucleon mass, N∗(1535) mass, ω meson mass, ρ meson mass, pion
mass and the pion decay constant.

m0 (MeV) g1 g2 µ̄2 (MeV2) λ λ6 (MeV−2) gωNN gρNN

500 8.96 15.4 1.92 × 105 40.8 19.1 × 10−3 11.4 3.66

700 7.76 14.2 1.63 × 105 34.5 1.56 × 10−3 7.31 4.06

TABLE II. Determination of parameters for a given m0. Here, we take m0 = 500 MeV and m0 = 700 MeV as examples.

−
(

µ̄2

2
σ̄2 − λ

4
σ̄4 +

λ6
6
σ̄6 + m̄ǫσ̄ +

m2
ρ

2
ρ̄2 +

m2
ω

2
ω̄2

)

.

(19)

In this equation, we have defined effective chemical po-
tentials for the proton p (p∗) and the neutron n (n∗) as

µ∗
p = µ∗

B + µ∗
I ,

µ∗
n = µ∗

B − µ∗
I , (20)

respectively, and µ∗
B and µ∗

I are defined by

µ∗
B = µB − gωNN ω̄ ,

µ∗
I = µI − gρNN ρ̄ , (21)

with gωNN =
(aρ+aω)gω

2 and gρNN =
aρgρ
2 . E±

F,i is defined

by E±
F,i =

√

k±2
F,i +m2

±, and k
±
F,i is the Fermi momentum

for the proton p (p∗) or the neutron n (n∗) defined by

µ∗
i =

√

k±2
F,i +m2

± which is related to the density (ρ±i )

by ρ±i = 1
3π2 k

±3
F,i. The ground state of the system is

determined by stationary conditions of Ω/V in terms of
σ̄, ω̄ and ρ̄:

µ̄2σ̄ − λσ̄3 + λ6σ̄
5 + m̄ǫ =

∂m+

∂σ̄
ρ+S +

∂m−

∂σ̄
ρ−S , (22)

ω̄ =
gωNN

m2
ω

ρB , (23)

ρ̄ =
gρNN

m2
ρ

ρBδ , (24)

with

ρ±S = 2
∑

i=p,n

∫

d3k

(2π)3
m±

√

|~k|2 +m2
±

θ(k±F,i − |~k|) ,

ρB =
∑

i=p,n

(ρ+i + ρ−i ) ,

δ =
ρp − ρn
ρB

. (25)

These equations indicate that the baryon number density
ρB and the asymmetry parameter δ are directly deter-
mined by ω̄ and ρ̄, respectively.

In constructing (asymmetric) nuclear matter, we take
the saturation density (ρ0), the binding energy of a nu-
cleon (E/A − ◦

m+) (E is the total energy and A is a
mass number), the incompressibility (K) and the sym-
metry energy (S) as inputs in addition to the nucleon
mass (

◦

m+), N
∗(1535) mass (

◦

m−), ω meson mass (
◦

mω),
ρ meson mass (

◦

mρ), pion mass (
◦

mπ) and the pion decay
constant (fπ)

1. These are summarized in Table. I.
We should note that all parameters except for m0 is

fixed, and only m0 is remained as a free parameter in
the present analysis. The resulting output parameters
are listed in Table. II. In this table, we show the results
for m0 = 500 MeV and m0 = 700 MeV as examples.
A density dependence of σ̄ with m0 = 700 MeV and
δ = 0 is plotted in Fig. 1. As we can see, the value of σ̄
decreases as the baryon number density increases which
clearly shows the partial restoration of chiral symmetry
in nuclear matter.

FIG. 1. A density dependence of σ̄ with m0 = 700 MeV and
δ = 0. The value of σ̄ decreases as the baryon number density
increases which clearly shows the partial restoration of chiral
symmetry.

Next, we shall show the way to treat fluctuations of
σ meson and pion in (asymmetric) nuclear matter. In

1 In this paper, we use the symbol “
◦

X” to denote the vacuum value
of X.
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the following, fluctuations of ω meson and ρ meson will
not be included since the masses of them are relatively
large compared to σ meson and pion. The true quantum
field of σ meson is defined by its fluctuation around the
ground state determined by Eqs. (22) - (24). Then, by
changing the variable as σ → σ̄ + σ , and performing
a one-loop path integral in the original Lagrangian, the
effective action for σ meson and pion in the system is
obtained:

Γ = Γ0[σ̄, ω̄, ρ̄] + Γfluctuation[σ̄, ω̄, ρ̄;σ, π] , (26)

where Γ0[σ̄, ω̄, ρ̄] is the effective action at mean field level,
and Γfluctuation[σ̄, ω̄, ρ̄;σ, π] includes the fluctuations as
well as the mean fields. Note that stationary condition
of Γ0[σ̄, ω̄, ρ̄] with respect to σ̄, ω̄ and ρ̄ coincide with
Eqs. (22) - (24).

For later use, we need to derive two-point functions for
σ meson and pion. They are obtained by taking second
functional derivatives with respect to σ meson and pion:

G̃σ(q0, ~q) = i

(
∫

d4x eiq·x
δ

δσ(x)

δ

δσ(0)
Γ

)−1

≡ i

q2 −m2
σ − iΣ̃σ(q0, ~q)

, (27)

G̃π0(q0, ~q) = i

(
∫

d4x eiq·x
δ

δπ0(x)

δ

δπ0(0)
Γ

)−1

≡ i

q2 −m2
π0 − iΣ̃π0(q0, ~q)

, (28)

G̃π±(q0, ~q) = i

(
∫

d4x eiq·x
δ

δπ±(x)

δ

δπ∓(0)
Γ

)−1

≡ i

q2 −m2
π± − iΣ̃π±(q0, ~q)

. (29)

mσ, m
0
π and mπ± are “bare masses” of σ meson, neu-

tral pion and charged pion read off by quadratic terms in
Eq. (13). Σ̃σ(q0, ~q), Σ̃π0(q0, ~q), Σ̃π+(q0, ~q) and Σ̃π−(q0, ~q)
refer to the self-energies for the corresponding mesons,
respectively, which are diagrammatically indicated in
Fig. 2. In these diagrams, the electric charge must be
conserved at each vertex so that the intermediate parti-
cles differ among Σ̃π0(q0, ~q), Σ̃π+(q0, ~q) and Σ̃π−(q0, ~q).

In the above procedure, the preservation of chiral
symmetry is manifest since two-point functions for the
mesons are derived from the effective action around the
true ground state directly [46]. In fact, we can confirm
pion becomes massless when the explicit braking term
which is proportional to m̄ǫ is switched off: G̃−1

π0 (0,~0) =

G̃−1
π+(0,~0) = G̃−1

π−(0,~0) = 0. By employing these two-

point functions, the self-energy of D̄∗
0 (0+) meson in

(asymmetric) nuclear matter can be calculated as will
be shown in Sec. IV.

III. EFFECTIVE LAGRANGIAN FOR D̄
MESONS

In this section, we show a derivation of a Lagrangian
for “D̄ mesons” 2. In the present study, we utilize the
Heavy Quark Spin Symmetry (HQSS) and an idea of
“chiral partner structure” for “D̄ mesons” for construct-
ing the Lagrangian. The masses of “D̄ mesons” are large
compared to ΛQCD, so that it is possible to treat “D̄
mesons” which carry different spins (e.g., D̄ (0−) and D̄∗

(1−), or D̄∗
0 (0+) and D̄1 (1+)) equivalently. In the con-

text of chiral partner structure, a mass splitting between
positive-parity meson and negative-parity meson is gen-
erated by the spontaneous breakdown of chiral symmetry.
Hence, the masses of these mesons are degenerated in the
chiral restoration point at tree level.
To begin with, let us introduce “heavy-light meson

fields” HL and HR. The quark contents of HL (HR)
is HL ∼ cq̄L (HR ∼ cq̄R), such that HL and HR trans-
form under the SU(2)L × SU(2)R chiral transformation
as

HL → HLg
†
L , HR → HLg

†
R . (30)

In terms of SU(2)S heavy quark spin transformation, HL

and HR transform as

HL → SHL , HR → SHR (S ∈ SU(2)S) . (31)

When we employ a picture that the motion of heavy-
light meson is governed by the heavy quark, and the
light quark is surrounding it like a cloud (Brown Muck
picture), the kinetic terms of HL and HR can be deter-
mined by the heavy quark solely. Then, a Lagrangian
for “heavy-light meson fields” invariant under SU(2)L ×
SU(2)R chiral transformation, SU(2)S heavy quark spin
transformation and parity can be obtained as

LHMET = tr[HL(iv ·D)H̄L] + tr[HR(iv ·D)H̄R]

+
∆m

2fπ
tr[HLMH̄R+HRM

†H̄L]

+ i
gA
2fπ

tr[HRγ5/∂M
†H̄L −HLγ5/∂MH̄R]

+
bρ
2
tr[HL(ξ

†
Lv · α̂‖ξL)H̄L +HR(ξ

†
Rv · α̂‖ξR)H̄R]

+
bω
2
Tr[α̂‖µ]tr[HLv

µH̄L +HRv
µH̄R] .

(32)

The kinetic term takes the form of the heavy quark
effective theory, and the covariant derivatives are defined
by DµH̄L = ∂µH̄L + iH̄LLµ, DµH̄R = ∂µH̄R + iH̄RRµ.
M and α̂‖µ are provided by Eqs. (7) and (9). vµ is the
velocity of heavy-light meson, and ∆m, gA, bρ and bω are

2 In this section, we use “D̄ mesons” for referring to D̄ (0−), D̄∗

(1−), D̄∗

0 (0+) and D̄1 (1+) mesons collectively.
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FIG. 2. A set of self-energies Σ̃σ(q0, ~q), Σ̃π0(q0, ~q), Σ̃π+ (q0, ~q) and Σ̃π− (q0, ~q).

real parameters. The “tr” in Eq. (32) stands for the trace
with respect to Dirac index. The third line is added so
as to reproduce the decay of D∗ → Dπ. The last two
lines are added to incorporate ω meson and ρ meson into
the “D̄ mesons” system by a similar manner employed in
Eq. (15) with HLS. The effective theory defined by the
Lagrangian in Eq. (32) is referred to as the heavy meson
effective theory (HMET).
HL and HR bases are convenient for constructing a

Lagrangian in terms of chiral symmetry. These fields,
however, are not corresponding to the physical states,
i.e., the parity eigenstates. When we denote G as the
parity-even state while H as the parity-odd state, G and
H are related to HL and HR by the following relations:

HL =
1√
2
[G+ iHγ5] , (33)

HR =
1√
2
[G− iHγ5] . (34)

As stated above, thanks to the HQSS, we can treat
heavy-light mesons which carry different spins equiva-
lently. Hence, G can include (D∗

0 , D1) = (0+, 1+) while
H can include (D,D∗) = (0−, 1−) as

H =
1 + /v

2
[iγ5Dv + /D∗

v] , (35)

G =
1 + /v

2
[D∗

0v − i /D1vγ5] . (36)

In these equations, the subscript v represents that these
D meson fields are defined within the HMET. In terms of
H andG, the effective Lagrangian in Eq. (32) is rewritten
into

LHMET

= tr[G(iv ·D)Ḡ]− tr[H(iv ·D)H̄ ]

− itr[Gv · Aγ5H̄ +Hv · Aγ5Ḡ]

+
∆m

4fπ
tr
[

G(M +M †)Ḡ+H(M +M †)H̄
]

− ∆m

4fπ
tr
[

iG(M −M †)γ5H̄ − iH(M −M †)γ5Ḡ
]

+ i
gA
4fπ

tr
[

Gγ5(/∂M
† − /∂M)Ḡ−Hγ5(/∂M

† − /∂M)H̄
]

− i
gA
4fπ

tr
[

iG(/∂M † + /∂M)H̄ + iH(/∂M † + /∂M)Ḡ
]

+
bρ
2
tr[Gv · ξ+‖ Ḡ−Hv · ξ+‖ H̄ ]

+ i
bρ
2
tr[Gv · ξ−‖ γ5H̄ +Hv · ξ−‖ γ5Ḡ]

+
bω
2
Tr[α̂‖µ]tr[Gv

µḠ−HvµH̄ ] , (37)

where we have defined H̄ = γ0H†γ0, Ḡ = γ0G†γ0,
DµḠ = ∂µḠ − iVµḠ, DµH̄ = ∂µH̄ − iVµH̄ with Vµ =
Rµ+Lµ

2 , Aµ =
Rµ−Lµ

2 , and ξ±‖µ = ξ†Rα̂‖µξR ± ξ†Lα̂‖µξL.

By taking the charge conjugation and inserting
Eqs. (35) and (36), we can get the effective Lagrangian for
“D̄ mesons” within the HMET. For later convenience, we
shall derive the Lagrangian for “D̄ mesons” in a relativis-
tic form from the HMET Lagrangian (37). For example,
D̄ (0−) field in the relativistic form (simply denoted by
D̄) is provided by

D̄ =
1√
m
e−imv·xD̄v , (38)

where m is a parameter of dimension [mass1] (m ≫
ΛQCD). Therefore, the Lagrangian for “D̄ mesons” based
on the HQSS and the chiral partner structure in the rel-
ativistic form is of the form

L = (DµD̄0)
∗†DµD̄

∗
0 −m2D̄∗†

0 D̄
∗
0 −m∆D̄∗

0
D̄∗†

0 D̄
∗
0 − (DµD̄1ν)

†DµD̄ν
1 + (DµD̄1ν)

†DνD̄µ
1 +m2D̄†

1µD̄
µ
1 +m∆D̄1

D̄†
1µD̄

µ
1

+ (DµD̄)†DµD̄ −m2D̄†D̄ −m∆D̄D̄
†D̄ − (DµD̄

∗
ν)

†DµD̄∗ν + (DµD̄
∗
ν)

†DνD̄∗µ +m2D̄∗†
µ D̄

∗µ +m∆D̄∗D̄∗†D̄∗
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− m
∆m

2fπ
[D̄∗†

0 (M +M †)D̄∗
0 − D̄†

1µ(M +M †)D̄µ
1 − D̄†(M +M †)D̄ + D̄∗†

µ (M +M †)D̄∗µ]

− m
∆m

2fπ
[D̄∗†

0 (M −M †)D̄ − D̄†
1µ(M −M †)D̄∗µ − D̄†(M −M †)D̄∗

0 + D̄∗†
µ (M −M †)D̄µ

1 ]

− m
gA
2fπ

[D̄µ
1 (∂µM

† − ∂µM)D̄∗†
0 − D̄∗

0(∂µM
† − ∂µM)D̄†µ

1 − 1

m
ǫµνρσD̄1µ(∂νM

† − ∂νM)i∂σD̄
†
1ρ]

+ m
gA
2fπ

[D̄∗µ(∂µM
† − ∂µM)D̄† − D̄(∂µM

† − ∂µM)D̄∗†µ − 1

m
ǫµνρσD̄∗

µ(∂νM
† − ∂νM)i∂σD̄

∗†
ρ ]

+ m
gA
2fπ

[D̄µ
1 (∂µM

† + ∂µM)D̄† + D̄(∂µM
† + ∂µM)D̄†µ

1 ]

− m
gA
2fπ

[D̄∗
0(∂µM

† + ∂µM)D̄∗†µ + D̄∗µ(∂µM
† + ∂µM)D̄∗†

0 ]

− gA
2fπ

[ǫµνρσD̄1ν(∂ρM
† + ∂ρM)i∂σD̄

∗†
µ + ǫµνρσD̄∗

µ(∂ρM
† + ∂ρM)i∂σD̄

†
1ν ]

− bρ[D̄
∗†
0 ξ

+
‖ · iDD̄∗

0 − D̄µ†
1 ξ+‖ · iDD̄1µ − D̄ξ+‖ · iDD̄ + D̄∗†

µ ξ
+
‖ · iDD̄∗µ]

+ bρ[D̄
†ξ−‖ · iDD̄∗

0 − D̄∗†
µ ξ

−
‖ · iDD̄µ

1 + D̄∗†
0 ξ

−
‖ · iDD̄ − D̄µ†

1 ξ−‖ · iDD̄∗
µ]

+ bωTr[α̂‖µ](D̄
∗†
0 iDµD̄∗

0 − D̄†
1νiDµD̄ν

1 + D̄†iDµD̄ − D̄∗†
ν iDµD̄∗ν) , (39)

where we have added the small violations of HQSS for the
masses of “D̄ mesons” by ∆D̄, ∆D̄∗ , ∆D̄∗

0
and ∆D̄1

. The

covariant derivatives for “D̄ mesons” are given by Dµ =
∂µ − iVµ

3. By replacing as ωµ → ω̄δµ0, ρ
a
µ → ρ̄δµ0δ

a3

and Lµ,Rµ → (13µB + µIτ
3)δ0µ and redefining ρ̄ and ω̄

properly as done in Sec. II, we find an effective chemical
potential for “D̄ mesons” of µ∗

D̄
= (13µB − gωDDω̄) +

(µI − gρDDρ̄)τ
3 (gωDD =

bωgω−bρgω
2 , gρDD = − bρgρ

2 ).
Note that although the effective chemical potential for
“D̄ mesons” µ∗

D̄
is provided, “D̄ mesons” do not form

Fermi seas since the masses of them are sufficiently large.
Under the spontaneous breakdown of chiral symmetry,

σ meson acquires its VEV (σ̄) and the masses of “D̄
mesons” are provided as

MD̄ = m− ∆m

2fπ
σ̄ − ∆D̄

2
,

MD̄∗ = m− ∆m

2fπ
σ̄ +

∆D̄∗

2
,

MD̄∗
0
= m+

∆m

2fπ
σ̄ −

∆D̄∗
0

2
,

MD̄1
= m+

∆m

2fπ
σ̄ +

∆D̄1

2
. (40)

The parameters ∆m, m, ∆D̄, ∆D̄∗ , ∆D̄∗
0
and ∆D̄1

are
fixed as m = 2190 MeV, ∆m = 430 MeV, ∆D̄ = 202
MeV, ∆D̄∗ = 80 MeV, ∆D̄∗

0
= 164 MeV and ∆D̄1

=
54 MeV so as to reproduce the observed masses of

“D̄ mesons”:
◦

MD̄ = 1869 MeV,
◦

MD̄∗ = 2010 MeV,
◦

MD̄∗
0
= 2318 MeV and

◦

MD̄1
= 2427 MeV as done in

3 In obtaining Eq. (39), we have assumed Vµ ∼ O(ΛQCD) and
neglected higher order correspondences with Eq. (37).

Ref. [9]. In this reference, m is determined by the av-
erage value of the (spin-averaged) G-doublet mass and
H-doublet mass, while ∆m is determined by the mass
difference between them. From the mass formulae in
Eq. (40), one can easily confirm that at the chiral restora-
tion point with the HQSS limit, all masses coincide:
MD̄ = MD̄∗ = MD̄∗

0
= MD̄1

= m, which shows the
feature of chiral partner structure with HQSS. The pa-
rameter gA is fixed by the decay of D∗ → Dπ which leads
to |gA| = 0.50 as already mentioned.

FIG. 3. (color online) Masses of D̄ meson (blue curve) and D̄∗

0

meson (red curve) at the mean field level in nuclear matter
with m0 = 700 MeV and δ = 0. In this level, the mass of
D̄ meson increases while that of D̄∗

0 meson decreases which
shows the characteristic feature of chiral partner structure
with partial restoration of chiral symmetry in nuclear matter.

We plot a density dependence of masses of D̄ meson
and D̄∗

0 meson at mean field level described by Eq. (40)
with m0 = 700 MeV and δ = 0 in Fig. 3. The den-
sity dependence of σ̄ is provided by Eq. (22) (and plot-
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ted in Fig. 1). The blue curve is the mass of D̄ meson
while red curve is the mass of D̄∗

0 meson. In the mean
field level, the mass of D̄ meson increases while that of
D̄∗

0 meson decreases which shows the characteristic fea-
ture of chiral partner structure with partial restoration
of chiral symmetry in nuclear matter. Even when we in-
clude asymmetry by taking δ 6= 0, the result does not
change significantly since the value of σ̄ shows only a
small change.

IV. CALCULATIONS AND RESULTS

In this section, we calculate a self energy for D̄∗
0 (0+)

meson in symmetric and asymmetric nuclear matter and
show resultant spectral functions for D̄∗

0 meson. In terms
of the self energy, we evaluate Hartree-type and Fock-
type one-loop diagrams in addition to the mean field
modification as depicted in Fig. 4. In Sec. IVA, we
show results in symmetric nuclear matter at several den-
sities with m0 = 500 MeV and m0 = 700 MeV. In
Sec. IVB, we show results in asymmetric nuclear matter
with m0 = 500 MeV and m0 = 700 MeV. The detailed
calculation of the self energy is given in Appendix. A and
Appendix. B.

A. Spectral function for D̄∗

0 meson in symmetric

nuclear matter

In this subsection, we compute the self energy and
spectral function for D̄∗

0 (0+) meson in symmetric nuclear
matter. The relevant diagrams are depicted in Fig. 4. In
these diagrams, the blobs in the two-point functions for σ
and pion indicate infinite sums of self-energies in Fig. 2
since the two-point functions are derived by Eqs. (27)-
(29). The diagram (a) is the mean field contribution,
and (b) and (c) are corresponding to the Hartree-type
one-loop modifications. These three diagrams are not
non-local and not momentum dependent. The diagram
(d) is the Fock-type one-loop contribution to the self en-
ergy which generates a momentum dependence to the self
energy. Beside, this diagram provides an imaginary part
to the self energy and plays a significant role in plotting
the spectral function for D̄∗

0 meson. Note that although
the Lagrangian (39) yields the other Fock-type one-loop
diagrams, the diagram in Fig. 4 (d) governs the results.
Then, we compute only Fig. 4 (d) as a good approxima-
tion.
The mean field contribution in Fig. 4 (a) is easily cal-

culated by the mass formula in Eq. (40) with σ̄ being the
solution of the gap equation (22). In other words, the
mean field effect is automatically included when we use
Eq. (40) as the D̄∗

0 meson “bare mass”.
The retarded self-energy generated by the Hartree-type

contributions in Fig. 4 (b) and (c) are calculated as (For
the detail, see Appendix. A)

Σ̃R
D̄∗

0
(H)

= − 3m∆m

4π3fπm̃2
σ

(

λσ̄ − 10

3
λ6σ̄

3

)
∫ ∞

0

dk0

∫ ∞

0

d|~k| |~k|2

×
(

F (|~k|,Λ)
)2 {

ρσ(k0, ~k)− ◦

ρσ(k0, ~k)
}

− 3
m∆m

8π3fπσ̄

∫ ∞

0

dk0

∫ ∞

0

d|~k| |~k|2

×
(

F (|~k|,Λ)
)2 {

ρπ(k0, ~k)− ◦

ρπ(k0, ~k)
}

, (41)

where we have denoted π for π0, π+ and π− collec-
tively since there is no differences among them due to
the isospin symmetry. m̃2

σ is the (squared) mass of σ me-
son in nuclear matter defined by a pole of the two-point
function with vanishing three-momentum in Eq. (27).

F (|~k|,Λ) is a form factor inserted in order to take into
account the finite size of hadrons which takes the form of

F (|~k|,Λ) = Λ2

|~k|2 + Λ2
. (42)

The value of cutoff Λ is taken to be Λ = 400 MeV which is
slightly higher than the Fermi momentum in the present

study. ρσ(k0, ~k) (ρπ(k0, ~k)) and
◦

ρσ(k0, ~k) (
◦

ρπ(k0, ~k)) are
the spectral functions for σ meson (pion) in nuclear mat-
ter and in the vacuum, respectively, given by

ρσ(π)(k0, ~k) = −2Im

[

1

k2 −m2
σ(π) − Σ̃R

σ(π)(k0,
~k)

]

◦

ρσ(π)(k0, ~k) = 2πǫ(k0)δ(k
2 −m2

σ(π)) . (43)

In this equations, ǫ(k0) is the sign-function defined by

ǫ(k0) = +1(−1) for k0 > 0 (k0 < 0), and Σ̃R
σ(π)(k0,

~k)

is the retarded self-energy related to the self-energy

Σ̃σ(π)(k0, ~k) defined in Eqs. (27) - (29) by the following
relations:

ReΣ̃R
σ(π)(k0,

~k) = Re
(

iΣ̃σ(π)(k0, ~k)
)

ImΣ̃R
σ(π)(k0,

~k) = ǫ(k0)Im
(

iΣ̃σ(π)(k0, ~k)
)

. (44)

We should note that we have subtracted the spectral
function in the vacuum in Eq. (41) so as to renormal-

ize the one-loop correction as Σ̃D̄∗
0
(H) = 0 in the vacuum.

Next, we show a calculation of the Fock-type correc-
tions to the self-energy for D̄∗

0 meson in Fig. 4 (d). We
employ so-called “spectral representation method [47]”
for the calculation. The detail and a concrete demonstra-
tion of this method is provided in Sec. IV B in Ref. [9].
According to this method, the imaginary part of the re-
tarded self-energy in Fig. 4 (d) is obtained as



9

FIG. 4. Relevant self-energies for D̄∗

0 (0+) meson in nuclear matter. The blobs in the two-point functions for σ and pion indicate
infinite sums of self-energies in Fig. 2 since the two-point functions are derived by Eqs. (27)- (29). The diagram (a) is the mean
field contribution, and (b) and (c) are corresponding to the Hartree-type one-loop modifications. These three diagrams are not
non-local and not momentum dependent. The diagram (d) is the dominant Fock-type one-loop contribution to the self energy
such that this diagram generates a momentum dependence and an imaginary part which plays a significant role in plotting a
spectral function for D̄∗

0 meson.

ImΣ̃R
D̄∗

0
(F )(q0, ~q) = −3

2

(

m∆m

fπ

)2 ∫
d3k

(2π)3

(

F (|~k|,Λ)
)2

× 1

2ED̄
k

{

(

θ(q0 − ED̄
k )ρπ(q0 − ED̄

k , ~q − ~k) + θ(−q0 − ED̄
k )ρπ(q0 + ED̄

k , ~q − ~k)

}

, (45)

where we have defined ED̄
k =

√

|~k|2 +M2
D̄
. MD̄ is the

“bare mass” of D̄ meson defined in Eq. (40) since the
perturbation series are defined around the true ground
state determined by Eqs. (22) - (24). The real part of
the retarded self-energy is calculated via the following
subtracted dispersion relation

ReΣ̃R
D̄∗

0
(F )(q0, ~q)

=
q0 −

◦

E
D̄∗

0
q

π
P

∫ ∞

−∞

dz
ImΣ̃R

D̄∗
0
(F )

(z, ~q)

(z − q0)(z −
◦

E
D̄∗

0
q )

,

(46)

with
◦

E
D̄∗

0
q =

√

|~q|2 +
◦

M2
D̄∗

0

(
◦

MD̄∗
0
is the D̄∗

0 meson mass

in the vacuum). As utilized in the calculation of Hartree-
type one-loop diagrams in Eq. (41), we have renor-
malized the Fock-type one-loop diagram so as to read

ReΣ̃R
D̄∗

0
(F )

(
◦

ED̄∗
0
, ~q) = 0 in the vacuum.

From Eqs. (45) and (46), a spectral function for D̄∗
0

meson in symmetric nuclear matter

ρ∗D̄∗
0

(q0, ~q) = −2Im





1

q2 −M2
D̄∗

0

− Σ̃R
D̄∗

0

(q0, ~q)





(47)

with

Σ̃R
D̄∗

0

(q0, ~q)

= Σ̃R
D̄∗

0
(H)(q0, ~q) + ReΣ̃R

D̄∗
0
(F )(q0, ~q) + iImΣ̃R

D̄∗
0
(F )(q0, ~q)

(48)

is found. The resultant spectral function at rest ~q = ~0 at
several densities with m0 = 700 MeV is plotted in Fig. 5.
As we can see, three types of bumps are found.

The first bump from right corresponds to the D̄∗
0 me-

son resonance. This bump gets suppressed as the den-
sity increases from ρB = 0.25ρ0 to ρB = 0.5ρ0 due to
a collisional broadening caused by collisions with nucle-
ons surrounding D̄∗

0 meson. In contrast, an enhancement
of this bump is observed at ρB = ρ0 or ρB = 1.5ρ0 in
comparison to the results at lower density. This revival
is understood as follows: As the density increases, the
chiral symmetry tends to be restored and the mass dif-
ference between D̄∗

0 meson and D̄ meson gets small at
mean field level since we have introduced these mesons
as chiral partners as indicated in Fig. 3. As a result, the
phase space of D̄∗

0 → D̄π gets narrowed even though the
collisional broadening still operates, which leads to the
enhancement of the D̄∗

0 resonance. We should emphasize
that this behavior is provided by the partial restoration
of chiral symmetry and chiral partner structure.
The second bump from right corresponds to a thresh-

old enhancement. This peak stands at the threshold of
D̄ + π and remarkably enhanced at density. At the nor-
mal nuclear matter density, its height competes with D̄∗

0

resonance, however, this peak is sharp. Besides, the peak
position represents the mass of D̄ meson directly at mean
field level since pion mass is not changed at density com-
pared to that of D̄ meson. Therefore, this peak is a
proper probe to explore the magnitude of partial restora-
tion of chiral symmetry [9]. The origin of this enhance-
ment may be understood by a virtual state or a bound
state of D̄ meson and π, which are defined by a pole in
the second Riemann sheet or the physical sheet [49].
The third bump from right is mainly caused by the

Landau damping. This effect is corresponding to a scat-
tering process between D̄∗

0 meson and nucleon in medium
mediated by pion (D̄∗

0 +N → D̄+N). This bump grad-
ually grows as we access to the higher density.
In Fig. 6, we plot the spectral functions for D̄∗

0 meson
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FIG. 5. (color online) Spectral functions for D̄∗

0 meson at rest ~q = ~0 at several densities with m0 = 700 MeV and δ = 0. The
vertical black line represents the threshold of D̄ + π. The detail is given in the text.

at rest ~q = ~0 at several densities with m0 = 500 MeV.
The qualitative tendencies are not changed by the results
obtained with m0 = 700 MeV. The partial restoration of
chiral symmetry is strengthened compared to m0 = 700
MeV, so that the density dependences of three types of
bumps are more prominent.

B. Spectral function for D̄∗

0 meson in neutron-rich

asymmetric nuclear matter

Here, we show results of spectral functions for
D̄∗

0 mesons at rest ~q = ~0 in neutron-rich asymmet-
ric nuclear matter with (m0, δ) = (700MeV,−0.5),
(700MeV,−1.0), (500MeV,−0.5), (500MeV,−1.0).
The baryon number density is chosen to be the normal
nuclear matter density: ρB = ρ0. We should note that
neutral D̄∗

0 meson (∼ c̄u) is denoted by D̄∗
0,u while

negatively-charged D̄∗
0 meson (∼ c̄d) is D̄∗

0,d in this
paper.
In asymmetric nuclear matter, it is worth evaluating

the masses of π0, π+ and π− since these masses differ gen-
erally because of the violation of isospin symmetry. The
results are listed in Table. III. Note that the masses of π0,
π+ and π− in asymmetric nuclear matter must be defined
by the poles of two-point functions defined by Eqs. (28)
and (29) with vanishing three-momentum. Despite the
masses are identical thanks to the isospin symmetry for
δ = 0, they show a mass hierarchy of m̃π+ < m̃π0 < m̃π−

when the asymmetry is present. π− consists of a d quark

and an anti-u quark such that this meson feels a repulsive
force by the neutron-rich matter due to the Pauli block-
ing. As a results, the mass of π− is greater than those of
π+ and π0. In contrast, π+ feels an attractive force by
the matter and its mass is smaller that other two pions.
This mass hierarchy provides a difference between spec-
tral functions for D̄∗

0,u and D̄∗
0,d mesons in asymmetric

nuclear matter since the spectra are dominated by the
one pion decay as already stated.

The resultant spectral functions for D̄∗
0,u and D̄∗

0,d

mesons at rest ~q = ~0 are plotted in Fig. 7 and Fig. 8.
In these figures, the left panels show the results for D̄∗

0,u

meson and the right panels show the results for D̄∗
0,d me-

son. The vertical lines denote the threshold of each chan-
nel. At first sight, we find complicated structures due to
the violation of isospin symmetry. However, the quali-
tative classification of the bumps are not changed from
the results in symmetric nuclear matter, i.e., the bumps
are corresponding to the resonance of D̄∗

0,u (D̄∗
0,d) meson,

threshold enhancement and (mainly) Landau damping.

From these figures, we can see that the threshold en-
hancement is remarkably enhanced as the results in sym-
metric nuclear matter in Sec IVA. In addition, these fig-
ures show this enhancement is more prominent for D̄∗

0,d
meson channel. This difference is essentially caused by
the difference of position of the threshold: For D̄∗

0,d me-

son channel, the main decay modes are D̄∗
0,d → D̄d + π0

and D̄∗
0,d → D̄u + π−. Since mass of π− is greater than

those of π0 and π+ as indicated in Table. III, the peak
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FIG. 6. (color online) Spectral functions for D̄∗

0 meson at rest ~q = ~0 at several densities with m0 = 500 MeV and δ = 0.

FIG. 7. (color online) Spectral functions for D̄∗

0,u and D̄∗

0,d mesons in asymmetric nuclear matter at rest ~q = ~0 with m0 = 700
MeV.
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m0 (MeV) δ m̃π0 (MeV) m̃π+ (MeV) m̃π− (MeV)

500 0 160 160 160

700 0 154 154 154

500 -0.5 160 155 166

700 -0.5 154 148 161

500 -1 160 155 169

700 -1 154 143 167

TABLE III. Masses of π0, π+ and π− with several choices of m0 and δ. Here, the masses are defined by the poles of two-point
functions defined by Eqs. (28) and (29) with vanishing three-momentum.

FIG. 8. (color online) Spectral functions for D̄∗

0,u and D̄∗

0,d mesons in asymmetric nuclear matter at rest ~q = ~0 with m0 = 500
MeV.
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position of the threshold enhancement stands at higher
energy compared to D̄∗

0,u meson channel. As a result, the

threshold enhancement in D̄∗
0,d meson channel gets more

prominent. These results suggest it is more appropriate
to focus on D̄∗

0,d meson to investigate partial restoration

of chiral symmetry in (neutron-rich) asymmetric nuclear
matter.
Also, We find that the resonance of D̄∗

0,d meson is

slightly suppressed compared to D̄∗
0,u meson. For D̄∗

0,d
meson, the Pauli blocking effect is more prominent since
the matter is neutron-rich so that this suppression may
be caused. We also find that the bump below the thresh-
old (third-type bump) is also suppressed in D̄∗

0,d meson
channel.

V. CONCLUSION

In this paper, we study spectral function for D̄∗
0 (0+)

meson in isospin symmetric and neutron-rich asymmetric
nuclear matter in terms of partial restoration of chiral
symmetry.
In Sec. II, we construct (asymmetric) nuclear matter

by a parity doublet model in which a Fermion one-loop
and mean field approximation for σ, ρ and ω mesons are
employed. In constructing (asymmetric) nuclear matter,
we take properties at normal nuclear matter density as
well as vacuum properties as inputs (input parameters
are summarized in Table. I), and only m0 is remained
as a free parameter in the present analysis. This m0 is
so-called a chiral invariant mass defined by the nucleon
mass at chiral restoration point. Density dependences
of the mean fields of σ, ρ and ω mesons are determined
by stationary conditions of the thermodynamic potential.
Therefore, we can access to the normal nuclear matter
density self consistently. Within this model, the partial
restoration of chiral symmetry in nuclear matter is found
as shown in Fig. 1.
In Sec. III, we introduce “D̄ mesons” by a chiral part-

ner structure and heavy quark spin symmetry. In the
context of chiral partner structure, a mass difference be-
tween D̄ (0−) and D̄∗

0 (0+) mesons is generated by the
spontaneous breakdown of chiral symmetry. Then, it is
expected that the mass difference gets small as we in-
crease the density due to the partial restoration of chiral
symmetry. This tendency is found in Fig. 3 at the mean
field level. In particular, we observe the increase in mass
of D̄ meson and the decrease in D̄∗

0 meson at finite baryon
density.
In Sec. IV, we calculate self-energy for D̄∗

0 meson and
show results of spectral functions for D̄∗

0 meson in sym-
metric and neutron-rich asymmetric nuclear matter. In
our calculation, we utilize a naive picture of which inter-
actions between “D̄ mesons” and (asymmetric) nuclear
matter is triggered by one pion and σ meson exchanges.
The two-point functions of mediating pion and σ me-
son must be derived by the effective action describing
(asymmetric) nuclear matter directly in order to respect

the original chiral symmetry. The self energy is evalu-
ated by calculating a mean field correction, Hartree-type
one-loop corrections, and a Fock-type one-loop correc-
tion depicted in Fig. 4. The decay mode of D̄∗

0 meson is
governed by D̄∗

0 → D̄π so that we include only D̄π loop
into the Fock-type diagram as a proper approximation.

The resulting spectral functions in symmetric nuclear
matter at rest ~q = ~0 with m0 = 700 MeV and m0 = 500
MeV are shown in Fig. 5 and Fig. 6, respectively. We
find three types of bumps. The first bump corresponds
to a D̄∗

0 resonance. This bump is suppressed around
ρB = 0.25ρ0 - 0.5ρ0 due to a collisional broadening. In
contrast, this bump is enhanced around ρB = 1.0ρ0 -
1.5ρ0, i.e., a revival of D̄

∗
0 meson resonance is found. This

is caused by a narrowing of the phase space of D̄∗
0 → D̄π

decay because of the partial restoration of chiral sym-
metry. The second bump corresponds to a threshold en-
hancement which stands at the threshold of D̄ + π orig-
inated from a virtual or bound state of D̄ meson and
pion. This bump is remarkably enhanced at density and
its peak position reflects the mass of D̄ meson directly.
Therefore, it is expected that this peak is an appropriate
probe to investigate the magnitude of partial restoration
of chiral symmetry in nuclear matter as well as the value
of chiral invariant mass m0. The third bump is mainly
caused by a Landau damping.

Spectral functions for D̄∗
0 meson in neutron-rich asym-

metric nuclear matter at rest ~q = ~0 are shown in Fig. 7
and Fig. 8 (D̄∗

0,u refers to the neutral D̄∗
0 meson while

D̄∗
0,d refers to the negatively-charged D̄∗

0 meson). We
observe that the peak position of the threshold enhance-
ment in D̄∗

0,d meson channel is located at higher energy

than that in D̄∗
0,u meson channel since we have a mass

hierarchy in pion masses of m̃π+ < m̃π0 < m̃π− . Ac-
cordingly, the enhancement of this peak in D̄∗

0,d channel

is more prominent compared to D̄∗
0,u channel. This fact

claims that it is appropriate to focus on the spectral func-
tion for D̄∗

0,d meson when we study the partial restoration
of chiral symmetry by means of anti-charmed mesons in
neutron-rich asymmetric matter. We also find that the
resonance of D̄∗

0,d meson and the bump below the thresh-

old (the third bump) is suppressed compared to those of
the D̄∗

0,u meson.

These results provide useful information of partial
restoration of chiral symmetry for the future experiment
such as the PANDA experiment at FAIR. Moreover, it
is expected that the results are necessary to understand
the collective behavior in low energy heavy ion collisions
planed in the CBM experiment at FAIR, or the J-PARC-
HI program at J-PARC.

In the following, we give discussions. In the present
analysis, we take the cutoff parameter to be Λ = 400
MeV which is slightly higher than the Fermi momen-
tum in showing our results. When we change the value,
the hight of the bumps may change slightly. However,
the qualitative tendencies of the results are not lost, i.e.,
three-types of bumps are found and the threshold en-
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hancement is remarkably enhanced. In particular, the
position of D̄+π threshold does not vary even if we take
another value of Λ, and our conclusion is not changed.
Besides, we do not include any other Fock-type diagrams
but Fig. 4 (d) in calculating the self-energy of D̄∗

0 meson.
We confirm this approximation works well numerically.
In the present study, we include the nucleon (N(939))

and N∗(1535) loops in the calculation of two-point func-
tions of pion and σ meson. It is expected, however, that
contributions from ∆ should also be included (e.g., N -∆
loops). These effects may contribute to broaden the D̄∗

0

resonance and Landau damping. In spite of these modifi-
cations, the peak position of the threshold enhancement
may show a small change and our main conclusion is sta-
ble since the position is mainly determined by the mass
of D̄ meson.
In order to confirm our results in a real experiment,

it is necessary to compute observables such as a double
differential cross section [50, 51]. It is interesting to

compute it with our spectral function. We leave this
subject in the future work.
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Appendix A: Calculations of one-loop diagrams in

Fig. 4 in symmetric nuclear matter

Here, we shall show a explicit calculation of the one-
loop diagrams in Fig. 4. First, we calculate the Hartree-
type one-loop diagrams in Fig. 4 (b) and (c). By making
use of the ordinary Feynman rule, the diagram in Fig. 4
(b) yields

Σ̃Fig.4 (b) = −3
m∆m

fπm̃2
σ

(

λσ̄ − 10

3
λ6σ̄

3

)
∫

d4k

(2π)4

(

F (|~k|,Λ)
)2
{

G̃σ(k0, ~k)−
◦

G̃σ(k0, ~k)

}

= 3
m∆m

fπm̃2
σ

(

λσ̄ − 10

3
λ6σ̄

3

)
∫

d4k

(2π)4

(

F (|~k|,Λ)
)2

Im

[

1

k2 −m2
σ − iΣ̃σ(k0, ~k)

− 1

k2 − ◦

m2
σ + iǫ

]

= −3
m∆m

2fπm̃2
σ

(

λσ̄ − 10

3
λ6σ̄

3

)
∫

d4k

(2π)4

(

F (|~k|,Λ)
)2 {

ǫ(k0)ρσ(k0, ~k)− ǫ(k0)
◦

ρσ(k0, ~k)
}

= −3
m∆m

4π3fπm̃2
σ

(

λσ̄ − 10

3
λ6σ̄

3

)
∫ ∞

0

dk0

∫ ∞

0

d|~k||~k|2
(

F (|~k|,Λ)
)2 {

ρσ(k0, ~k)− ◦

ρσ(k0, ~k)
}

. (A1)

In a similar way, the diagram in Fig. 4 (c) is calculated:

Σ̃Fig.4 (c) = −3
m∆m

2fπσ̄

∫

d4k

(2π)4

(

F (|~k|,Λ)
)2
{

G̃π(k0, ~k)−
◦

G̃π(k0, ~k)

}

= 3
m∆m

2fπσ̄

∫

d4k

(2π)4

(

F (|~k|,Λ)
)2

Im

[

1

k2 −m2
π − iΣ̃π(k0, ~k)

− 1

k2 − ◦

m2
π + iǫ

]

= −3
m∆m

4fπσ̄

∫

d4k

(2π)4

(

F (|~k|,Λ)
)2 {

ǫ(k0)ρπ(k0, ~k)− ǫ(k0)
◦

ρπ(k0, ~k)
}

= −3
m∆m

8fπσ̄

∫ ∞

0

dk0

∫ ∞

0

d|~k||~k|2
(

F (|~k|,Λ)
)2 {

ρπ(k0, ~k)− ◦

ρπ(k0, ~k)
}

. (A2)

In these equations, we have defined the two-point func-
tions for σ meson and pion in the vacuum:

◦

G̃σ(k0, ~k) =
i

k2 − ◦

m2
σ + iǫ

,

◦

G̃π(k0, ~k) =
i

k2 − ◦

m2
π + iǫ

. (A3)

We have utilized a fact that tadpole diagrams do not pro-

vide any imaginary parts and a property of ρσ(π)(k0, ~k) =

−ρσ(π)(−k0, ~k). Combining Eqs. (A1) and (A2), we can
get Eq. (41).
Next, let us calculate the Fock-type one-loop diagram

in Fig. 4 (d). As explained in Sec. IVA, firstly we get the
imaginary part, and secondly get the real part by using
the subtracted dispersion relation. The imaginary part
of retarded self-energy in Fig. 4 (d) is obtained as (for
the detail, see Ref. [9]) 4
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ImΣ̃R
Fig.4 (d)(q0, ~q) =

1

2

(

Σ̃>
Fig.4 (d)(q0, ~q)− Σ̃<

Fig.4 (d)(q0, ~q)
)

=
3

2

(

i
m∆m

fπ

)2 ∫
d4k

(2π)4

(

F (|~k|,Λ)
)2

×
{

G̃>
π (q0 − k0, ~q − ~k)G̃

>

D̄(k0, ~k)− G̃<
π (q0 − k0, ~q − ~k)G̃

<

D̄(k0, ~k)
}

= −3

2

(

m∆m

fπ

)2 ∫
d4k

(2π)4

(

F (|~k|,Λ)
)2

×
{

θ(q0 − k0)ρπ(q0 − k0, ~q − ~k)θ(k0)ρD̄(k0, ~k)− θ(k0 − q0)ρπ(q0 − k0, ~q − ~k)θ(−k0)ρD̄(k0, ~k)
}

= −3

2

(

m∆m

fπ

)2 ∫
d3k

(2π)3

(

F (|~k|,Λ)
)2 1

2Ek
D̄

×
{

θ(q0 − Ek
D̄)ρπ(q0 − Ek

D̄, ~q − ~k) + θ(−q0 − Ek
D̄)ρπ(q0 + Ek

D̄, ~q − ~k)
}

,

(A4)

where Σ̃>
Fig.4 (d)(q0, ~q) and Σ̃<

Fig.4 (d)(q0, ~q) are the greater

and lesser self-energy, respectively. G̃
>

D̄(π)(q0, ~q) and

G̃
<

D̄(π)(q0, ~q) are the greater and lesser Green’s function

of D̄ meson (pion), and these quantities are related to
the spectral function (ρD̄(π)(q0, ~q)) as follows:

G̃
>

D̄(π)(q0, ~q) = θ(q0)ρD̄(π)(q0, ~q) ,

G̃<
D̄(π)

(q0, ~q) = −θ(−q0)ρD̄(π)(q0, ~q) . (A5)

In obtaining the last line in Eq. (A4), we have used

ρD̄(q0, ~q) = 2πǫ(q0)δ(q
2 −M2

D̄) . (A6)

The final expression in Eq. (A4) is nothing but Eq. (45),
and the real part is obtained by the subtracted dispersion
relation in Eq. (46).

Appendix B: Calculations of one-loop diagrams in

Fig. 4 in asymmetric nuclear matter

In this appendix, we show self-energies of D̄∗
0,u and

D̄∗
0,d mesons in asymmetric nuclear matter. The expres-

sion of the Hartree-type one-loop diagram in Fig. 4 (b)
is unchanged from Eq. (A1). The result of diagram in
Fig. 4 (c) can differ from Eq. (A2) since it includes pion
loops. This is modified as

Σ̃Fig.4 (c) = −m∆m

2fπσ̄

∫

d4k

(2π)4

(

F (|~k|,Λ)
)2
{

G̃π0(k0, ~k)−
◦

G̃π0(k0, ~k)

}

− m∆m

fπσ̄

∫

d4k

(2π)4

(

F (|~k|,Λ)
)2
{

G̃π+(k0, ~k)−
◦

G̃π+(k0, ~k)

}

= −m∆m

4fπσ̄

∫

d4k

(2π)4

(

F (|~k|,Λ)
)2 {

ǫ(k0)ρπ0(k0, ~k)− ǫ(k0)
◦

ρπ0(k0, ~k)
}

− m∆m

2fπσ̄

∫

d4k

(2π)4

(

F (|~k|,Λ)
)2 {

ǫ(k0)ρπ+(k0, ~k)− ǫ(k0)
◦

ρπ+(k0, ~k)
}

. (B1)

This is further simplified by making use of relations of ρπ0(q0) = −ρπ0(−q0) and ρπ+(q0) = −ρπ−(−q0):

Σ̃Fig.4 (c) = −m∆m

8fπσ̄

∫ ∞

0

dk0

∫ ∞

0

d|~k||~k|2
(

F (|~k|,Λ)
)2

×
{

ρπ0(k0, ~k) + ρπ+(k0, ~k) + ρπ−(k0, ~k)− ◦

ρπ0(k0, ~k)− ◦

ρπ+(k0, ~k)− ◦

ρπ−(k0, ~k)
}

, (B2)

4 In this calculation, we redefine the zeroth-component of momenta
of D̄ meson and pion in such a way that the chemical potential

does not appear in the indices, and this is true for calculations
in Appendix.B
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where we have employed
◦

ρπ0(k0, ~k) =
◦

ρπ+(k0, ~k) =
◦

ρπ−(k0, ~k). In isospin symmetric limit, differences among π0, π+

and π− vanish and we find m2
π0 = m2

π+ = m2
π− and ρπ0(k0, ~k) = ρπ+(k0, ~k) = ρπ−(k0, ~k). Therefore, we can confirm

Eq. (B2) is identical to Eq. (A2) in the isospin symmetric limit.
Next, we compute the Fock-type diagram in Fig. 4 (d) in asymmetric nuclear matter. For D̄∗

0,u meson, this is of
the form

ImΣ̃
D̄∗

0,uR

Fig.4 (d)(q0, ~q)

= −1

2

(

m∆m

fπ

)2 ∫
d4k

(2π)4

(

F (|~k|,Λ)
)2 {

G̃>
π0(q0 − k0, ~q − ~k)G̃>

D̄u
(k0, ~k)− G̃<

π0(q0 − k0, ~q − ~k)G̃<
D̄u

(k0, ~k)
}

− 1

2

(√
2
m∆m

fπ

)2 ∫
d4k

(2π)4

(

F (|~k|,Λ)
)2 {

G̃>
π+(q0 − k0, ~q − ~k)G̃>

D̄d
(k0, ~k)− G̃<

π+(q0 − k0, ~q − ~k)G̃<
D̄d

(k0, ~k)
}

= −1

2

(

m∆m

fπ

)2 ∫
d3k

(2π)3

(

F (|~k|,Λ)
)2 1

2ED̄
k

{

θ(q0 − ED̄
k )ρπ0(q0 − ED̄

k , ~q − ~k) + θ(−q0 − ED̄
k )ρπ0(q0 + ED̄

k , ~q − ~k)
}

−
(

m∆m

fπ

)2 ∫
d3k

(2π)3

(

F (|~k|,Λ)
)2 1

2ED̄
k

{

θ(q0 − ED̄
k )ρπ+(q0 − ED̄

k , ~q − ~k) + θ(−q0 − ED̄
k )ρπ+(q0 + ED̄

k , ~q − ~k)
}

.

(B3)

In the same way, for D̄∗
0,d meson, we find

ImΣ̃
D̄∗

0,dR

Fig.4 (d)(q0, ~q)

= −1

2

(

m∆m

fπ

)2 ∫
d4k

(2π)4

(

F (|~k|,Λ)
)2 {

G̃>
π0(q0 − k0, ~q − ~k)G̃>

D̄d
(k0, ~k)− G̃<

π0(q0 − k0, ~q − ~k)G̃<
D̄d

(k0, ~k)
}

− 1

2

(√
2
m∆m

fπ

)2 ∫
d4k

(2π)4

(

F (|~k|,Λ)
)2 {

G̃>
π−(q0 − k0, ~q − ~k)G̃>

D̄u
(k0, ~k)− G̃<

π−(q0 − k0, ~q − ~k)G̃<
D̄u

(k0, ~k)
}

= −1

2

(

m∆m

fπ

)2 ∫
d3k

(2π)3

(

F (|~k|,Λ)
)2 1

2ED̄
k

{

θ(q0 − ED̄
k )ρπ0(q0 − ED̄

k , ~q − ~k) + θ(−q0 − ED̄
k )ρπ0(q0 + ED̄

k , ~q − ~k)
}

−
(

m∆m

fπ

)2 ∫
d3k

(2π)3

(

F (|~k|,Λ)
)2 1

2ED̄
k

{

θ(q0 − ED̄
k )ρπ−(q0 − ED̄

k , ~q − ~k) + θ(−q0 − ED̄
k )ρπ−(q0 + ED̄

k , ~q − ~k)
}

.

(B4)

As is the case in the Hartree-type one-loop calculation,
this result is reduced to the one in Eq. (A4) in the isospin

symmetric limit. The real parts are obtained via the
subtracted dispersion relation in Eq. (46).
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